system in the mouse embryo are unknown. The resutts presented here strongly suggest that hematopoietic cells are derived from a nonhematopoietic cell population that has been previously thought to give rise to the germ cells. These cells are called primordial germ cells (PGCs) and can be recognized as large cells showing blebbing and pseudopodial extrusions on their surface. They are alkaline phosphatase (AP) positive and possess a stage-specific embryonic antigen (SEA-1) on their surface. They represent a small pool of cells in the extraembryonic mesoderm at the base of the allantois in late day-6 embryos. Primordial germ cells from 7.5-and 8.5-day visceral yolk sac and embryo proper form AP+ and SSEA-l+ colonies within 5 days when grown on an embryonic fibroblast feeder cell layer in the presence of leukemia inhibitory factor (LIF), stem cell factor (SCF), and interleukin-3 (IL-3). Individual colonies taken from day-5 cultures can be shown t o differentiate into erythroid lineage cells in secondary methyl cellulose culture and produce secondary and tertiary PGCs in the presence of LIF, SCF, and HE MECHANISMS and the sequence of events associated with the initiation of hematopoiesis in the embryo are largely unknown. However, it is known that the first hematopoietic cells are derived from the posterior plate mesoderm that is itself derived from cells delineating from the ectoderm in the region of the primitive streak. The posterior proliferating mesodermal cells underlie the visceral endoderm and give rise to the extraembryonic visceral mesoderm of the visceral yolk sac (VYS). The first morphologically recognizable hematopoietic cells are the extraembryonic erythroid cells present in the yolk sac blood islands at 8.5 days post coitum (pc). Although several studies14 have described some of the events occurring during the initiation phase of hematopoiesis, they have not addressed the important question: What is the identity of the cells that give rise to the hematopoietic system? It has been widely accepted that totipotent hematopoietic stem cells originate first in the yolk sac, then migrate to the fetal liver, and finally colonize the bone marrow (BM).' However, two reports have questioned the initial pathway from the yolk sac to the fetal liver by finding that hematopoietic stem cells (colony-forming units-spleen [Cm-S]) are present and capable of producing hematopoietic reconstitution6 and the production of B cells in SCID mice,' when obtained from an area of 9-day PC embryos called the paraaortic splanchnopleura. The para-aortic splanchnopleura is an area that includes the aorta, mesonephric kidneys, and gonads. This region is a critical area in chick embryos where definitive hematopoietic cells have been shown to be derived from the mesodermal region of the dorsal aorta. 8 The significance of the para-aortic splanchnopleura lies in the fact that hematopoietic stem cells can be found transiently in this region before the initiation of fetal liver hematopoiesis and, therefore, represent the first region of definitive hematopoiesis in This, in turn, implies that the para-aortic splanchnopleura must provide a unique microenvironment necessary for the stem cells to seed and give rise to definitive The cells from these colonies were then shown to form cobblestone areas on irradiated adult bone marrow stromal layers, indicating that the most primitive in vitro hematopoietic stem cell, the cobblestone-area forming cell (CAFC), was present. PGC colonies were grown in methyl cellulose in the presence of LIF, SCF, and IL-3 for 5 days, and the colonies were removed and passaged 3 times on pretreated extracellular matrix hydrophilic Teflon foils. After each passage, the cells were assayed for their differentiation capacity and PGC content. After the last passage, the number of CAFCs was also determined. It was found that, under these conditions, the PGC population expanded more than 400-fold and also contained CAFCs. It is postulated that the PGC represents a totipotent stem cell population capable of producing a variety of different cell types including cells of the hematopoietic system. 0 1995 by The American Society of Hematology.
hematopoiesis. However, we are still left with the unanswered questions regarding the identification of the cell giving rise to definitive hematopoiesis in the para-aortic splanchnopleura and whether this represents a new cell population or one derived from the VYS.
The para-aortic splanchnopleura is also of interest from a different standpoint. At the same time CFU-S are detected in this region, ie, at 9 days PC, a population of cells is also transversing this area that eventually give rise, at about 10.5 days PC, to the germ cells. This is called the primordial germ cell (PGC) population. The PGCs are ectoderm-derived, alkaline phosphatase-positive (AP') cells observed in the extraembryonic mesoderm at the base of the allantois in late 6-day mouse embryos.' At this time, there are less than 10 PGCs present in the embryo cylinder. Between 8 and 8. 5 days PC, the number of PGCs has increased to about 200, and they return to the primitive streak region of the embryo proper to begin their migration along the hind gut, passing through the para-aortic splanchnopleura to reach the genital ridges by about day 10.5.9310 Their numbers increase exponentially until, at 13.5 days, about 30,000 PGCs are present. The AP isozyme species has been shown to remain constant until day 14, after which, different isozymes start to appear. Apparently, the embryo only expresses one type of AP isozyme, which continues to be conserved in the gonads.'' AP is used as a specific marker for PGCs during embryonic development.
The PGC population is, in many ways, similar to embryonic stem cells (ES cells). Both require leukemia inhibitory factor (LIF) to maintain their undifferentiated state. When allowed to differentiate, both cell populations form embryoid-like bodies from which the differentiated cells arise. However, whereas ES cells only require LIF and can, in most cases, differentiate spontaneously, PGCs have a more complicated growth factor req~irement".'~ and do not differentiate spontaneously. Furthermore, it has been shown that ES cells can be derived from PGCs." Thus, because ES cells can, under suitable culture conditions, differentiate into hematopoietic cells, it follows that a link may be present between the PGC population and hematopoiesis. This assumption is strengthened when it is realized that it is the PGC population that is so dramatically affected in the Dominant White-Spotted (W locus) and Steel (S1 locus) mutant m i~e . '~"~ Besides, LIF, PGCs show an absolute requirement for c-kit ligand (stem cell factor [SCF]). Not only are the number of PGCs dramatically reduced in these mutant mice, leading to infertility, but the animals suffer from a severe macrocytic anemia and reduction in hematopoietic stem cells," the latter being attributed to either a lack of c-kit oncogene expression (producing the c-kitlSCF receptor) as in the W mutant or an insufficiency of the c-kit ligand (S1 mutant).
In our attempts to study the presence of primitive in vitro hematopoietic stem cells in the early mouse embryo, it became apparent that many of the preliminary results directed our attention to the PGC population. The results reported here implicate the PGC as a hematopoietic initiating cell.
MATERIALS AND METHODS

Animals.
C57Bll6 Bom mice were used for the production of embryos. For mating, two male and two female mice were put into a cage separated by a removable metal separator and left for 2 days. At 8 PM on the second day, the metal separator was removed and the mice were left together to mate until 8 AM the following morning. The time at which the separator was removed was designated time zero; the time at which the male and female mice were separated from each other was designated 0.5 days.
Cell suspension. Embryos were dissected from the decidua and the ectoplacentral cone, and extraembryonic membranes were removed under a dissection microscope using watchmaker's tweezers. Between 30 and 50 embryos were used for each experiment. The whole embryo cylinder was used for experiments involving 6.5-day PC embryos. When 7.5-day PC embryos were used, the VYS and embryo proper were dissected from each other. When 8.5-day embryos were used, the VYS, which at this time almost envelopes the embryo, was dissected away from the embryo proper. In some experiments, the base of the allantois and the primitive streak area (APS) were dissected from the rest of the embryo. Cell suspensions were prepared by incubation at 37°C with trypsinEDTA (Sigma Chemicals, Munich, Germany) for 3 to 5 minutes in a water-bath with shaking action. About 3 v01 of fetal bovine serum (FBS; Boehringer, Mannheim, Germany) was added to stop the reaction, followed by 1 v01 of medium, and a single cell suspension obtained heat-inactivated horse serum (Hyclone, Greiner GmbH, Nurtingen, Germany), 1 X m o m a-thioglycerol (a-TG), and 1 X 10' m o m hydrocortisone (Sigma). The cells were incubated at 33°C in 5% COz in a fully humidified incubator for 14 days. Thereafter, the cells were irradiated with 20 Cy using an x-ray source. The plates were incubated for a further 24 hours, and the medium was replaced with either fresh medium, if the irradiated stromal cells were not used immediately, or with medium containing the cells of interest (see below).
The assay for CAS produced by CA-forming cells (CAFCs) was performed essentially as described by Ploemacher et aI,'* in which serial dilutions of cells were added to irradiated BM stromal layers. Six dilutions differing by a factor of 2 were usually performed using 10 to 15 replicates per dilution. Half of the medium was replaced with fresh medium every week. The number of CAS was estimated after 2 and 4 weeks in culture, although they were observed continually from the beginning of the culture. Phase-dark areas of 5 or more polygonal cells were considered a CA. The frequency was calculated using the maximum likelihood ~olution.'~ 2A Embryonic fibroblast feeder cell layer cultures. The cells from 1 VYS or embryo proper were added to 12-well gelatinecoated (0.1% wt/vol; Sigma) tissue-culture plates (Falcon; Becton Dickinson, Heidelberg, Germany) containing mitomycin-C -treated (10 pg/mL for 3 hours; Sigma) 2A embryonic fibroblast feeder layer cells. The 2A embryonic fibroblast cell line was established in our laboratory from a blastocyst culture using methods described previouslyzo and expresses both LIF and SCF (unpublished results). These cells were adapted and passaged first in "Fetal Clone" serum (Hyclone) and then serum-free in CC-medium (Vitromex, Wiesbaden, Germany). The cell line is similar to the ST0 embryonic fibroblast cell line but, under the conditions described here, was superior in supporting the production of primary embryo colonies. Primary cells were cultured in the presence of the following growth factors: recombinant human SCF (rhSCF; 60 ng/mL; Amgen, Thousand Oaks, CA), rhLIF, (20 ng/mL), rh-basic fibroblast growth factor (rhbFGF; 25 ng/mL) and recombinant mouse interleukin-3 (rmIL-3; 100 UlmL); LIF, bFGF, and IL-3 were obtained from Hermann Biermann (Bad Neuheim, Germany). All cultures on 2A feeder cell layers were performed under the same conditions as those for irradiated adult BM cell cultures, namely at 33°C in a 5% COz atmosphere.
Culture on extracellular matrix (ECM)-modified, hydrophilic Teflon foils ( "Petripem" dishes).
The uses and advantages of culturing cells on Teflon foils have been published in detail elsewhere.z'~2' In this instance, Teflon foils with an adherent (hydrophilic) surface were used. Hydrophilic "Petriperm" dishes (Specialized Culture Technologies, Vohringen, Germany) were treated with human or rat collagen at a concentration of 25 pglcm' for 2 hours at room temperature (RT) and/or with human fibronectin, at the same concentration, for 1 hour at RT. Between each treatment and before cells were added, the plates were washed with phosphate buffered saline (PBS). The conditions for culture in "Petriperm" dishes are given in the results. contract NOl-HD-2-3144, NICHD). The antibody was diluted 1:20 in PBS containing 10% FBS. After incubation, the cells were washed once in PBS plus 10% FBS. A secondary antimouse antibody conjugated to phycoerythrin (PE) diluted 1:100 in PBS plus 10% FBS was added to the cells, which were incubated in the dark for a further 30 minutes at 4°C. The cells were washed 3 times in PBS plus 10% FBS and were centrifuged at 200g for 10 minutes at 4°C. The fluorescent label was viewed using an inverted Zeiss microscope (IM35; Zeiss, Oberkochen, Germany) fitted with a mercury-vapor lamp and the necessary filters to detect the emitted fluorescence.
Methyl cellulose cultures. Colony-forming assays for early, burst-forming units-erythroid (BFU-E) and late, CFU-erythroid (CFU-E) progenitor cells, myeloid colony-forming cells (CFCs), and multipotential stem cells (MSCs) have been described in detail elsewhere.n The only modification to the previously described method is the use of CG medium rather than IMDM for BFU-E, granulocytemacrophage CFC (GM-CFC), and MSC colony formation. Otherwise, cultures contained methyl cellulose supplemented with 1 X m o m a-TG, 10% FBS, 1 X 10"' m o m mouse transferrin.
BFU-E were stimulated with 500 mU/ml rh erythropoietin (rhEP0;
Merkle, Ulm, Germany). Dose response experiments showed that embryonic cells were exquisitely sensitive to EPO and capable of being stimulated with as little as 0.00156 mU/mL and of showing an optimum stimulation at about 0.96 mU/mL, depending on the source of EPO used (results to be published elsewhere). For the present experiments, a concentration of 0.195 mU/mL was used.
MSCs were stimulated with 500 mU/mL rhEP0 and 100 U/mL rmIL-3 (see below). CFCs were stimulated with 50 U/mL rm granulocyte-macrophage colony-stimulating factor (GM-CSF; a gift from Dr A. Shimosaka, Kirin, Tokyo, Japan). Culture of PGC colonies in methyl cellulose was performed as described above, except that LIF, SCF, and IL-3 were added at the same concentration as that used for culture on 2A feeder layers. All colony-forming assay cultures, except for PGCs, were incubated in an atmosphere containing 5% CO2 and 3.5% Oz.23,26 Culture of PGCs in methyl cellulose was performed in an atmosphere containing 5% CO2 and 5% 02. Preparation of individual colonies for analysis of differentiation capaciry. Individual colonies were plucked from the 2A feeder cell layers or from methyl cellulose cultures. The individual colonies were transferred to sterile 1.5-mL Eppendorf tubes (Eppendorf, Hamburg, Germany). The colonies were washed with PBS and then disaggregated by gentle pipetting. The cells were centrifuged for 5 minutes at 200g. The supernatant was discarded, and the cells were 
RESULTS
Embryonic hematopoietic progenitor cells. Table 1 shows the number of CFU-E, BFU-E, MSCs and CFCs in 7.5-and 8.5-day VYS and embryo proper. In general, the number of hematopoietic progenitor cells increases with age. Colonies of myelomonocytic cells were not observed until 8.5 days PC and consisted only of macrophages. This was similar to previously reported results.*' However, whereas the number of CFU-E and BFU-E are greatest in the VYS, the number of MSCs, on days 7.5 and 8.5, was similar in the VYS and embryo proper. This suggested that a source of hematopoietic stem cells was present in the embryo proper and that the most primitive in vitro hematopoietic stem cells, the CAFCs, would also be present in this area.
Culture of 8.5-day PC embryos on irradiated BM stromal cell layers. Cells from the embryo proper were added to irradiated adult BM stromal cell layers to detect CA. Within 2 days, however, cells began to form into large, undifferentiated, multilayered colonies on top of the stromal layer ( Fig  1A) . Maximum numbers of undifferentiated colonies occurred at day 5 and decreased on day 6 of culture. Secondary culture of individual colonies in methyl cellulose with EPO or EPO and L-3 or SCF, produced pure erythroid and erythroid-macrophage colonies (results not shown). Irradiated BM stromal cells can express several growth factors including LIF, SCF, bFGF, and L -3 (unpublished results). The area of the embryo from which these colonies were obtained, together with the kinetics of colony formation under these circumstances, was reminiscent of previous reports showing that a primary ES cell population called the PGC could be The results shown are the mean t SEM (n = 4).
* CFU-E stimulated with 1.56 mU/mL EPO. t BFU-E stimulated with 250 mU/mL EPO.
* MSCs stimulated with EPO (250 rnU/rnL), IL-3 (50 U/mL), and SCF (10 ng/mL).
CFCs stimulated with GM-CSF (50 U/rnL).
For cultured and maintained on mitomycin-C embryonic fibroblast feeder cell layers in the presence of LIF, SCF, and bFGF.'**13
Growth and dlfferentiation of PGCs on 2A embryonic fibroblast feeder cell layers. Quadruplicate cultures containing cells from the equivalent of one 7.5-and 8.5-day VYS and embryo proper were cultured on 2A, mitomycin-C-treated embryonic fibroblast cell feeder layers in the presence of cytokine combinations. The number and size of undifferentiated colonies increased from day 2 to day 5 and decreased again on day 6 of culture. After 5 days, the cultures were assayed for the number of
and SSEA-l+ colonies as markers for the PGC population. For (Fig 1C) . At 3 days, the embryoid bodies started to burst open showing a small number of red blood cells (Fig 1C) . At 5 days of culture, the production of red blood cells was more advanced (Fig lD) , and, at day 7, the colony appeared similar to an erythroid burst (Fig 1E) .
In the presence of LIF, SCF, and L-3, secondary colonies of undifferentiated cells were also formed that, when individually removed and replated again in methyl cellulose with the same growth factor combinations, produced tertiary AP+-colony formation ( Table 3) . The differentiation potential, at least into the erythroid lineage, was lost at this time. Whether this is replaced by differentiation into other hematopoietic lineages is under study. Under these conditions, the number of undifferentiated colonies obtained in methyl cellulose in the secondary culture was increased above that obtained on the primary 2A feeder layers, but decreased again in the tertiary cultures.
ECM components can replace embryonic jbroblast feeder layers for growing PGCs. As mentioned in the Materials and Methods section, the 2A cell line can express both LIF and SCF (results not shown). Despite this, exogenous addition of both of these factors is necessary for the growth of PGCs in culture. However, it is known that L F , bFGF, and L -3 can be presented to cells via the ECMZ8 and that SCF can exercise its stimulatory effect when in the form of a membrane-anchored pr~tein.'~ If feeder cells not only were producing growth factors but also were involved in adherence and factor presentation, then the use of ECM components may obviate the requirement for feeder layers; this was indeed the case. Hydrophilic Teflon foils (Petriperm dishes) were pretreated with collagen and fibronectin. In this case, the APS area was used. The equivalent of 4, 8.5-day APS were added as a cell suspension in the presence of three growth factor combinations. Because Teflon foils are gaspermeable, the effect of low oxygen tension on PGC colony formation could also be studied. Preliminary results showed that at 21% 02, at 5% 02, and at 3.5% 02, 56.2 ? 5.1, 76.25 ? 8.7, and 7.7 2 3.4 PGC colonies were obtained, respectively. Thus, PGC colony formation is very sensitive to oxygen tension. Therefore, cultures were incubated under 5% O2 at 37OC for 7 days and assayed for PGC content using AP activity. The effect of the ECM components is depicted in Fig 2. Very few colonies were obtained in the absence of ECM components, whereas collagen alone did increase the number of colonies. Fibronectin alone produced a significant stimulation using two growth factor combinations, namely LIF, SCF, bFGF, and IL-3 and LIF, SCF, and IL-3. However, rat collagen was inferior to human collagen when combined with fibronectin. In this case, a significant stimulation ( P < .05) was obtained compared with that of other ECM components. For this reason, human collagen and fibronectin were used to coat Petriperm dishes for all other experiments. In a similar manner to differentiating PGCs derived from 2A feeder layers, cells removed from ECM-treated Petriperm dishes and cultured in methyl cellulose under erythroid differentiating conditions, formed embryoid-like bodies before producing erythroid cells (results not shown).
Formation of CA from PGCs grown on ECM-treated
Teflon foils. Cells from the 8.5-day APS were cultured for 3, 5, and IO days on ECM-treated hydrophilic Teflon foils in the presence of LIF, SCF, and IL-3 in an atmosphere containing 5% 02. The cells at each time point were then transferred to single wells of a 96-well plate containing irradiated adult BM stromal cell layers in the absence of exogenous growth factors. CA could be detected as phase-dark polygonal cells after 2 and 4 weeks of culture. The number of calculated CAFCs was significantly greater ( P < .05) at 4 weeks than at 2 weeks for all primary culture periods (Fig  3) . The maximum cobblestone number was obtained from PGC colonies grown for 5 days in Petriperm cultures, although these values were not significantly different ( P > . l ) to those from day-IO cultures. Nevertheless, the frequency of CAFCs derived from 5-day primary cultures measured after 4 weeks was about 40/104 cells.
Expansion of PGCs, their diferentiation capacity, and the formation of CAS. As described above for Table 3 , AP' colonies could be produced in methyl cellulose in the presence of LIF, SCF, and IL-3. This was used in the following set of experiments to obtain a preliminary concentration of PGC from freshly explanted APS. In each of two experiments, 35 APS were dissected from the rest of the embryo, the cells disaggregated and cultured in methyl cellulose and were incubated under low oxygen tension conditions. Four to five wells in different culture plates were randomly used to estimate the number of AP' colonies. A total 3.4 X 10' cells (Table 4 ) from 146 PGC colonies/104 APS cells (Table  5) were disaggregated and cultured in ECM-treated hydrophilic Petriperm dishes in the presence of LIF, SCF, and IL-3 under low oxygen tension conditions. After 7 days in culture, the cells were removed and counted, and an aliquot was assayed in methyl cellulose for differentiation into the erythroid lineage and the production of MSCs. In addition, the number of PGCs produced in methyl cellulose was also ascertained. The rest of the cells were again cultured in Petriperm dishes for 7 days and assayed, thereafter, in methyl cellulose. This procedure was repeated so that a total of three passages in Petriperm dishes was performed. Besides assaying for differentiation capacity and the final number of AP'/SSEA-l + colonies, cells were also used to estimate the number of CAFCs on irradiated BM feeder layers. The results are shown in Tables 4 and 5 . Differentiation into the erythroid lineage was maintained from the first to the second Petriperm passage. However, differentiation capacity was lost from the second to the third passage, with the exception Days on which primary undifferentiated colonies were transferred to Petriperm cultures of cells cultured in the presence of EPO, IL-3, and SCF. These were all pure erythroid burst-like colonies. The concentration of MSCs, especially those produced in the presence of EPO, SCF, and IL-3, increased from the first to the third passage. However, the concentration of AP'/SSEA-1 + colonies increased continually throughout the culture period from 146/104 after the initial methyl cellulose culture to 8851 10' after the third Petriperm passage.
That an expansion of the PGC population occurred is shown in Table 4 . The total number of cells increased over 68-fold, even though a decrease in cell number occurred during the initial 5-day methyl cellulose culture period. The total number of PGC colonies increased from 0.48 X I O ? to 2.04 X 10' producing an expansion of over 425-fold. Moreover, the proportion of PGCs present in the total cell concentration also increased from 1.4% to 8.9%. These results clearly show that the PGC population can be expanded and maintained in culture.
In addition, cells from PGC colonies grown in methyl cellulose obtained after the third passage and added to irradiated BM stromal cells produced CA. The mean frequency of the CAFC population in two experiments increased from 2 to 4 weeks reaching 368 5 72.6 CAFC/104 cells.
DISCUSSION
Several reports have concentrated on the production of hematopoietic cells from the yolk sac during murine development~.~.27.3n-32 or from differentiating ES cell AIthough showing the differentiation capacity of cells derived from the primary yolk sac or ES cells, the possible origin of the embryonic and definitive hematopoietic cells was not addressed. In this report, hematopoietic, in particular, erythropoietic, precursor cells were detected as early as 6.5 days. At this time mesoderm markers, EPO and erythroid-relevant genes are expressed.'." However, in vitro MSCs could be detected from 6.5 days onward and were present in almost equal numbers at 7.5 and 8.5 days in both the VYS and the embryo proper. These results are somewhat different from those reported by Wong et not only with respect to numbers of colonies obtained, but also to the time of appearance of MSC colonies. This difference is probably due, in part, to the increased sensitivity of the culture system used For here, which was made possible by incubation of the cells under low oxygen tension condition^.^^^" In the absence of MSCs in the embryo proper, the idea that more primitive hematopoietic stem cells could be present in this area would not have led, in turn, to focus our attention on the hypothesis that hematopoiesis is derived from a undetermined, nonhematopoietic population in the mesoderm. Taking the arguments described below into consideration, we believe that this undetermined cell population is the PGC population. PGC are derived from the embryonic epiblast, which is itself derived from the inner cell mass of the blastocyst. Cells of the embryonic epiblast give rise to the embryonic ectoderm and the primitive streak. AP+ PGCs reach their first extraembryonic location at the base of the allantois through the primitive streak area at the same time the extraembryonic mesoderm is formed. This coincides with the onset of gastrulation. A pregastrulation pool of less than 10 PGCs has been reported? During early gastrulation, the number of PGCs does not appear to increase dramatically, and it has been argued that this population represents an initial pool for somatic cell lineages." It is only during the initial and later migratory stages of the PGC population that rapid proliferation occurs, with a doubling time between 8.5 and 13.5 days of about 16 hours.36 During this period, the PGC population begins to migrate from its extraembryonic location at the base of the allantois back into the primitive streak area and into the hind gut; between 200 and 300 AP+ cells are present." It is precisely this area, the base of the allantois and primitive streak, that has been used for some of the experiments described in this report showing that hematopoietic cells can be derived from PGCs.
Several reports have clearly shown that PGCs can be identified by their high AP a c t i~i t y ?~'~~'~ In addition, cell surface antigens defined by monoclonal antibodies have been shown to detect PGCs. These include the SSEA-1 antigen?5 the TG-1 antigen,37 and, more recently, the 4C9 antigen. 38 The results show that the identification of PGCs using anti-SSEA-l antibody and AP correlated well when cells were cultured on 2A feeder cell layers ( Table 2 ) and after methyl cellulose culture (Table 5) .
PGCs have been shown to require LIF and SCF.39,40 Differentiation inhibitory factor (DIF) was shown to be produced by embryonic fibroblast feeder cells required for maintaining the undifferentiated state of ES cells:' It was later shown that DIF and LIF are one and the same molecule.42
Embryonic fibroblast cell lines such as the ST0 cell line and the 2A used here both produce LIF, which has been shown to be necessary for the growth of PGCs in vitro. 40 That PGCs are dramatically affected by either lack of SCF (c-kit ligand) or its receptor (c-kit oncogene product) is clearly observed in both the W and Steel murine mutations. In both mouse strains, there is an impairment in the development of PGCs in vivo. The importance of SCF in PGC growth has also been shown in vitro by blocking the extracellular domain of the receptor with the ACK2 monoclonal antibody, as well as by the lack of PGC growth on the S1/S14 feeder layer (instead of STO), a cell line that was derived from a homozygous SVSZ null mutant embryo in which the S1 gene was deleted. 40 Although it has been suggested that fetal liver hematopoietic stem cells from SllSl mice can expand in the absence of SCF,43 the fact that the W and S1 mutations lead to an impairment not only in PGCs, but also in hematopoietic stem cells and neural crest-derived melanocytes, implies a connection between these systems.
Indeed, the common denominator may be the PGC itself. Matsui et a l l z and Resnick et a l l 3 have shown that the addition of bFGF in addition to LIF and SCF can maintain the proliferation of PGCs in culture. Indeed, it has recently been reported that LIF and SCF inhibit apoptosis in the PGC population." Under normal conditions, PGCs appear to possess a finite proliferative capacity that correlates with the in vivo situation when PGC proliferation ceases on reaching the genital ridges.I2 Matsui et allz showed that, in the presence of bFGF, LIF and SCF, PGCs not only continued to proliferate, but also formed colonies of undifferentiated ES cells producing cell lines, some of which could differentiate into extraembryonic endoderm, spontaneously contracting muscle, nerve and fibroblast, and endothelial-like cells. Furthermore, when these cell lines were injected into nude mice, a variety of cell types were produced. Embryoid bodies, similar to For personal use only. on September 24, 2017. by guest www.bloodjournal.org From those observed when ES cells begin to differentiate, were observed when PGCs were removed from the 2A cell line and cultured under differentiating conditions in methyl cellulose to produce colonies of erythroid cells. A similar situation was observed when cells were removed from ECMtreated hydrophilic Teflon foil cultures and allowed to differentiate in methyl cellulose (results not shown). Presumably, during differentiation in vitro, the PGC passes through a stage of differentiation similar to that of the ES cell before continuing along a differentiation pathway. Whether commitment to that pathway occurs during the PGC-to-ES transition is unknown.
We have shown that, under the conditions described here, not only can hematopoietic MSCs and erythropoietic progenitor cells be produced from PGC cultures, but also the most primitive in vitro hematopoietic stem cell, the CAFCs,'* can also be detected. At what stage in PGC differentiation does the production of CAFCs occur? If the pathway described above is correct, then commitment to the hematopoietic pathway via the CAFC population would occur shortly after ES cell determination. However, to date, no reports on the production of CAFCs from ES cells have occurred. Whether the immediate progeny of PGCs are similar to established ES cell lines remains to be seen.
In the different culture systems used to obtained the present results, L -3 was found to be more effective than bFGF.''.l3 It has been shown that the soluble form of SCF and LIF can act as mitogens for PGC g r o~t h .~ Exogenous IL-3 may also act as a mitogen, in a manner similar to that described for hematopoietic ~ells.4~ It would appear that the bound forms of the cytokines lead to cell survival. Indeed, LIF, bFGF, and L 3 can be presented to cells by binding to ECM components. 28 On the other hand, SCF is more effective as a membrane-anchored growth f a c t~r ?~.~ exerting its effect by juxtacrine stim~lation.'~ The ECM plays a very important role in the embryo, in particular, during gastrulation, when drastic changes and multiple cell movements occur. These considerations were taken into account in developing a PGC culture system in which the cell-tocell contacts required using embryonic fibroblast feeders could be replaced by ECM components. A novel, added advantage of this system was the finding that the primary PGC population could also be expanded under these conditions. Studies are now under way to improve the culture system so that sufficient cells can be obtained so that a detailed characterization of the PGC population can be undertaken. Although differentiation into the erythropoietic lineage was lost after the second passage (Table 5) , multipotential colony formation was maintained and increased. Whether, waves of hematopoietic lineage differentiation occur, as has been observed for ES cell lines,' is presently under study.
As described above, the presence of soluble factors can be mitogenic, whereas the binding of factors to ECM components and their interaction with cells could affect cell survival. These two phenomena may be occurring in the twostep culture system described in the results. Culture of cells on ECM-treated hydrophilic Teflon foils in the presence of LIF, SCF, and IL-3 may constitute more of a maintenance culture, whereas stimulation of cells with the same cytokines in methyl cellulose may constitute a stimulatory or mitogenic culture. Nevertheless, the production, after three culture passages, of an expanded population of undifferentiated cells forming
and SSEA-lC colonies, capable of producing both MSCs cells and the most primitive in vitro hematopoietic stem cell, CAFC, strongly suggests that the PGC population can give rise to hematopoietic stem cells with varying "stemness." In turn, this would imply that the small pool of PGCs observed in the pregastrulating and gastrulating embryo is a totipotent cell population with the capacity for initiating both embryonic and definitive hematopoiesis.
NOTE ADDED IN PROOF
In a recent report, Godin et al* have shown that multipotential hematopoietic stem cells with the capability of generating B and T lymphocytes can be found simultaneously in both the yolk sac and para-aortic splanchnopleura at 8.5 days. This finding can imply the presence of two separately localized stem cell populations displaying lineage restriction into the hematopoietic system, but originally derived from a single population of primitive, undetermined, or nonallocated stem cells. In another recent report by Lawson and Hage4' about 45 PGCs are shown to be present as early as 6 days and cell clones containing PGCs are capable of contributing to structures other than the PGC lineage. Among the structures produced are the allantois, the posterior streak, the proximal and yolk sac mesoderm, the blood islands, and the embryonic mesoderm. At 6.5 days, cell clones containing PGCs are restricted to certain extraembryonic mesoderm structures (allantois, posteriaor streak, yolk sac mesoderm, and blood islands). Thus, for the presence of multipotential hematopoietic stem cells to occur as described by Godin et ala as well as in this report for 7.5-and 8.5-day embryos (Table l) , a minimum of two PGC-containing clones capable of hematopoietic determination must be present, one in the yolk sac and the other in the presumptive embryo region. Furthermore, it would imply that at least part of the mesoderm is also derived from the PGC population.
